Introduction
From 1940 to 1950s air quality problems were experienced in some urban cities in the USA because of the increasing numbers of cars [1, 2] . The first major applications of monolith catalysts during this period were for automotive emission control and for the decolourisation of nitric acid tail gas. In the late 1960s researchers in the USA began to develop more interests in monoliths in their quest for effective afterburner catalysts because of their characteristic low pressure drop. This led to the development and industrial production of monolith catalysts of increased longevity which would meet the requirements of the 1970 Clean Air Act [3, 4] . The emergence of the first cars equipped with monolith catalysts began in 1975. Today there are several hundred millions of monolith catalysts fitted in motor vehicles worldwide [5] .
Throughout the last three decades the advancements in emission control technology have been propelled by stringent legislation. One major success worth noting is that since 1975 emission levels from exhaust systems of passenger cars have fallen by more than 90% (relative to the 1960s), with future targets aimed at zero emissions [6] . The exhaust gas stream consists of 3 major pollutants: carbon monoxide (CO), oxides of nitrogen (NO) and hydrocarbons (HCs). This stream is converted inside the exhaust pipe, which houses the catalyst, into environmentally less harmful products (such as nitrogen gas and carbon dioxide). Monolith catalysts are manufactured in industry by coating ␥-alumina slurries -the carrier of the platinum group metals (PGMs) -onto structured catalyst supports. These catalysts are essentially used in environmental applications but also in chemical and construction processes [7] . Monoliths are honeycomb materials ( Fig. 1 ) that act as catalyst supports (or substrates) upon which coating slurries are deposited. They are of two types: metallic monoliths, made from Fecralloy ® ; and ceramic monoliths, mostly made from cordierite [8] . Metal monoliths have significantly thinner walls compared to ceramic monoliths, and this enables the former to have a much shortened warm-up period which leads to increased catalytic efficiency [9, 10] . On the other hand, ceramic monoliths are relatively cheap and have large pores which absorb the slurry, and this improves the coating adhesion. The thermal expansion of the coating is also similar to ceramic monoliths compared to metal [7] . These problems can however be tackled by proper slurry formulation, and the use of metal monoliths which are based on an appropriate alloy, such as Fecralloy ® , that is specially processed to form an adherent and stable alumina surface layer [11, 12] .
Literature survey has shown that the main method of coating Fecralloy ® in the laboratory is by dip-coating [9, [12] [13] [14] , though other methods have been used, such as electrophoretic deposition [10] , and physical vapour deposition which can be cathodic sputtering, electron-beam evaporation or pulsed laser deposition [15] . Each of these coating methods has its advantages and disadvantages, and the method to be chosen in a given application depends on the required coating properties [16] . The common disadvantage of dip-coating is the inconsistency in the coating quality as evidenced from the wide variation in the coating loadings [12] . There is therefore a need to develop a more consistent laboratoryscale method of coating Fecralloy ® to produce the desired coating properties. In this paper, an automatic film applicator equipped with wire-wound bars is chosen as the coating instrument because it had been designed to enable control of the coating conditions, such as applied shear rate [17] .
The adhesion of coatings onto the Fecralloy ® is fundamental to the longevity and effectiveness of the monolith catalyst. As there are mechanical and thermal stresses inside the exhaust system of automobiles, the coating adhesion needs to be sufficient to resist these stresses [18] . There is urgent need to devise new methods for measuring the coating adhesion because none of the conventional methods (e.g. ultrasonic vibration, drop test) give a physical measure of the adhesive or cohesive strength of coatings. A physically derived method is established when the measured coating variables are based on fundamental scientific quantities, such as tensile stress, displacement and compression load [19] . This paper focuses on how slurry particle sizes influence the coating adhesion and the advantages of using the MTS for assessing coatings. This approach involves measuring the adhesion of alumina coatings onto Fecralloy ® flat coupons, and is therefore different from measuring the adhesion of already constructed monoliths, which are comprised of channels with an additional component of the adhesion due to constriction produced by the high curvature of the coatings inside the small channels [18, 20] . The MTS technique is the main method for assessing coatings in this paper, while ultrasonic vibration is used as a subordinate. The empirical characterisation of slurries (i.e. particle size analyses and rheology) is also performed prior to coating of slurries onto the Fecralloy ® coupons by the film applicator.
Experimental

Preparation of slurries and coatings
Preparation of slurries
The ␥-alumina slurries S S10 -S S240 (pH 4; solids concentration = 40 wt%) were prepared in a stirred bead mill (Union Process, USA) at different milling durations between 10 and 240 min. The particle size distributions and the steady shear rheology of the slurries were measured using the Mastersizer 2000 (Malvern Instruments, UK) and the AR 1000 rheometer (TA Instruments, UK) respectively. 
Fecralloy ® pre-oxidation
Commercially available Fecralloy ® foil of 50 m thickness with a composition of Fe (72.6 wt%), Cr (22.0 wt%), Al (4.80 wt%), Y (0.30 wt%) and Si (0.30 wt%) was cut into coupons (50 × 80 mm) and pre-oxidised in a furnace at 950 • C for 10 h.
Coating deposition
The automatic film applicator was used to coat the slurries described in (a) separately onto the coupons using a bar of 100 m nominal gap at a traverse speed of 100 mm s −1 (shear rate = 1000 s −1 ) as shown in Fig. 2 . The coated coupons were allowed to dry at room temperature, and then oven dried at 110 • C for 1 h and finally calcined at 500 • C for 1 h [12, 21] .
MTS methodology for assessing coating adhesion
The MTS is comprised of a dual column which houses a load cell of 1 kN. Each coating sample produced in Section 2.1.3 was firmly screwed onto the platform base of the MTS using an annular support ( Fig. 3(a) ). A metal probe was mounted at one end to the MTS, and the other end was joined with a carbon tape and lowered to make contact with the coating. The programming of the probe was such that the coating was compressed at a specified load (Fig. 3(b) ). The probe was then lifted up at a given withdrawal speed of 10 mm/min, which consequently resulted in the detachment of the coating from the Fecralloy ® substrate. The coating remaining on the substrate is shown in Fig. 3(c) , and the probe with the detached coating is shown in Fig. 3(d) . The measurements taken were converted into graphs of stress versus displacement using the test profiler software which linked the MTS to a computer.
A typical profile obtained from the MTS is represented in Fig. 4 . This shows a drop in the applied compression stress as the probe was being lifted up. The point of zero is the equilibrium, i.e. the instance when no force was acting on the probe. The stress increased thereafter as the probe continued to move up, thus representing the start of tension. The moment of complete rupture (or removal) of the coating is referred to as the breaking point and the corresponding stress at this point is called the ultimate strength [22] . The stress dropped to zero after the breaking point as the probe was finally released from tension. The ultimate strength is a very important parameter for quantifying the adhesion strength of the coating. The amount of coating removed, which is dependent on the contact area of the probe, was the mass% difference in the coatings on the substrate before and after the test. The portion of the graph above the zero line (i.e. shaded area) is referred to as the work of adhesion, which is defined as the energy per unit area required to remove the coating from the substrate as shown in Eq. (1) [23] . This was calculated by Simpson's rule using Matlab ® (The MathWorks, USA).
where w adh = work of adhesion (kJ m −2 ), s p = stress on coating due to tension (MPa), F p = force on coating due to tension (kN), h crit = displacement at stabilisation stress (mm), h break = displacement at breaking point (mm), A = contact area (mm 2 ).
Preliminary MTS tests were performed on coatings from slurry S S60 at different compression loads of 100, 200 and 300 N to determine the effects of compression on the coating adhesion. Subsequently, the adhesion for all the coatings were measured at a fixed compression load of 200 N using the methodology described. For comparison, the coating adhesion was also assessed by ultrasonic vibration.
Results and discussion
Particle size distribution and rheology
The particle size distributions of the slurries are outlined in Table 1 , as well as the slurry apparent viscosity at a reference shear rate of 1000 s −1 at which the coating was applied. The results show a systematic decrease in the particle diameters with the increase in milling time, from 10 to 240 min as large particles were fragmented into finer particles. Furthermore, the increase in the effective phase volume of the particles as they become finer (and closely packed together) contributed to an increase in the slurry viscosity [24, 25] .
Influence of compression load on coating adhesion
For coatings produced from slurries S S60 , the MTS profiles at different compression loads of 100, 200 and 300 N are shown in Fig. 5 . The plots show a drop in the stress at A due to the decompression occurring as the probe was being pulled upwards. An equilibrium point of zero was reached and thereafter the stress began to increase at tension, thus leading to an offset at B. The offset, which varies between 0.27 and 0.32 MPa, is analogous to the coating yield strength and is considered as the stress required for disruption of the cohesive forces in the coatings at the onset of detachment [26] . The stress levelled slightly thereafter, followed by a notable increase in the stress until the ultimate strength was attained at C. This region represents the breaking point when the coatings were detached from the substrate. It is shown that the same ultimate strength of 0.59 MPa was achieved for all the compression loads. Following coating detachment, the stress reached equilibrium at D due to the upward free movement of the probe. The MTS results are summarised in Table 2 . The ultimate strength for the removal of coatings was the same for all the compression loads, meaning therefore that the ultimate strength was independent on the compression load between 100 and 300 N. The work of adhesion and the amount of coatings removed were calculated as between 0.33-0.34 kJ m −2 and 85-90 mass% respectively.
Influence of particle size on coating adhesion
The coatings used in these tests were produced from slurries S S10 , S S40 and S S60 . Fig. 6 shows the MTS profiles of the stress as a function of displacement for all the coatings assessed. All the three plots have similar profiles: decompression until the stress was zero at equilibrium, followed by increased stress at tension until the displacement (mm) ultimate strength was attained at coating removal, and finally the attainment of equilibrium. It is shown that the ultimate strength -which is the determinant of the adhesion quality -is dependent on the particle diameter of coatings. The highest ultimate stress of 0.59 MPa, inferring best adhesion, was achieved by the coatings from slurry S S60 (d 0.9 of 12.74 m), followed by 0.29 MPa for S S40 (d 0.9 of 16.47 m), and then the least ultimate strength of 0.10 MPa from S S10 (d 0.9 of 33.42 m). Similarly, the ultimate strength and the work of adhesion both followed the same trend as they all increased with finer coating particles. Furthermore, the coating amounts removed were influenced by the particle diameter d 0.9 as presented in the detailed results shown in Table 3 . In addition to requiring the lowest ultimate strength of 0.10 MPa, the coatings from large particles were almost totally removed (more than 97 mass%) from the contact surface area. The finest coatings, on the other hand, had the least removal (85-90 mass%) at the highest ultimate strength of 0.59 MPa (see coating pictures in Fig. 7 ). These behaviours confirm cohesive failure (i.e. internal coating fractures) for fine particles rather than adhesive failure (i.e. coating peeling off the surface) exhibited by large particles.
The measurements by ultrasonic vibration given in Table 4 also show the same pattern, i.e. low mass% coating loss by finer particles. For finer particles of d 0.9 not exceeding 12.74 m, the coating loss from ultrasonic vibration was less than 10 mass% coating loss. This is because finer particles, unlike their large counterparts, properly penetrated and anchored onto the rough asperities on the Fecralloy ® surface, therefore leading to good coating adhesion. It is therefore established from all the results that finer particles had better coating adhesion.
Conclusions
A new quantitative technique based on the MTS was used for measuring of adhesion of coatings of different particle sizes. The MTS technique involves the compression of the coating by a probe at a specified load, and subsequently lifting the probe upwards at a withdrawal speed of 10 mm/min, and as a result pulling off the coating. The force imposed on the coating by the probe was measured as a function of displacement. The adhesion parameters were identified as the ultimate coating strength, work of adhesion and the amount of coating removed from the substrate. It was shown that the use of compression loads from 100 to 300 N had no effect on the coating adhesion. For the coatings produced from the slurries at 40 wt% solids concentration, the finest particles (d 0.9 of 12.14 m) produced the best coating adhesion at an ultimate strength of 0.59 MPa and 85-90 mass% removal. The finest particles also had the least mass percentage loss from ultrasonic vibration test. The coating pictures after the MTS test showed that finer coatings exhibited cohesive failure arising from internal coating fractures rather than the adhesive failure exhibited by large coatings.
